INTRODUCTION
The need for a suitable animal model for hyperbaric research is well recognized. In the field of diving technology alone, the development of saf*» decompression procedures is expensive, time-consuming, dependent on maintaining a pool of human volunteers, and must be considered hazardous.
Many aspects of decompression sickness research cannot be studied on human subjects at all, at least with the technological means currently available.
Animal models used extensively in the past include laboratory rodents, dogs, goats and smell subhuman primates, none of which seem to respond to hyperbaric excursions as does man. Specifically, they are more resistant to bends, in a way suggesting body size and cardiovascular makeup-i.e., total blood perfusion characteristics-play a dominant role in bends susceptibility between species. Hyperbaric research, then, would seem to demand at the outset that the animal model be of a size comparable to adult man and, to whatever extent possible, share anatomic and physiologic cardiovascular characteristics with man. Such an animal must also be easily obtained at reasonable cost and be sufficiently suitable for laboratory use as regards standardization, domestication, tractability, trainability and tolerance of major surgical operations.
The Pacific Northwest .Laboratory, Battelle Memorial Institute (BattelleNorthwest, BNW), has been performing a number of biomedical studies utilizing miniature swine for over a decade, and since 1966 has been conducting research with this species relative to the artificial heart program of the National Heart and Lung Institute. Because of their similarities to man regarding size and cardiovascular physiology, not to mention other factors, they continue serving as experimental models for this work and may serve in more advanced research on cardiac assist devices in the near future. These similarities, plus their relatively high fat/lean ratio compared to man, suggested their possible use as human analogs in hyperbaric research.
It has been generally believed for some time that most of the signs and symptoms of decompression sickness, including such delayed sequelae as aseptic bone necrosis, are a result of gas bubbles formed in blood or tissues during and following decompression from a hyperbaric environment.
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Theoretical considerations certainly allow for the formation of intracorporeal | gas bubbles under such conditions, as well as for many of the symptoms and signs recorded during actual cases. In peracutely fatal cases of decompres-I sion sickness, gross widespread gas embolism has been verified in both animals and man, though peracute deaths have occurred in which such lesions
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have not been demonstrable. In the latter cases, where postmortem examina-L tion has been promptly and properly performed, it has been suggested that gas embolism did exist to a degree which would have been asymptomatic in normal individuals but which proved lethal because of extant subclinical patent foramina ovale or pulmonary arteriovenous shunts, permitting small emboli to escape lung clearance and enter the left circulation. Other explanations for bends symptoms have been offered, including fat embolism, peripheral rouleaux formation and venous sludging, intravascular clot formation and circulation, and extravascular (intracellular) gas bubble formation, to name a few; however, it is generally accepted that gas embolism is the
Much, research at BNW, including those artificial heart studies in progress since 1966, has required the telemetric measurement of blood flow rates in selected vessels of free-ranging animals, for which the ultrasonic Doppler blood flowmeter was selected and used extensively. It becomes immediately apparent to anyone working with the Doppler flowmeter that the instrument is exquisitely sensitive to the presence of gas bubbles in the fluid circulating through its transducer, whether that fluid is blood or a blood-substitute suspension used for bench testing. In mid-1967 the question arose whether gas bubbles formed in vivo by rapid decompression might be detectible with this instrument, assuming they did in fact circulate in suitable large vessels following such decompression. Simultaneously the search for an animal analog to man for hyperbaric research led us to consider evaluating the miniature swine for this purpose. With internal research funding, pilot studies were initiated.
In November of 19&7 a miniature swine with a Doppler flow transducer on the thoracic caudal vena cava was subjected to a severe hyperbaric excursion (l80 feet/60 minutes, linear decompression to surface in 6 minutes, air atmosphere) throughout which caudal vena cava blood flow was telemetered to
a recording system outside the hyperbaric chamber. Qnooli were indeed detected, beginning 2 minutes after beginning decompression (120 feet depth) and becoming increasingly severe until collapse of the animal at 10 minutes postsurfacing, by which time the blood flow signal had become virtually (2) obliterated by embolic artifacts. This experience was reported as were subsequent experiments in which peripheral venous emboli were detected atraumatically with transcutaneous Doppler flowmetry during and following (3) hyperbaric excursions using miniature swine, pygmy goats and dogs.
During these early experiments it came to our attention that similar, apparently independent experiments using sheep were underway at Virginia Mason Research Center in Seattle, the first published account of which was basically in agreement with our observiations.
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OBJECTIVES
The miniature cwine attracted attention as a possible animal analog to man for hyperbaric research because of its similarities to man in size and cardiovascular physiology and because of its relatively high fat/lean ratio, the latter of potential importance particularly in saturation exposures.
If the similarities between this species and man extend to their response to hyperbaric excursions, the miniature swine may qualify as a valuable animal model for basic research in hyperbaric medicine or even as a stand-in for man during the early phases of development of decompression tables for man.
One specific objective of our research program was to attempt to define the no-decompression limits for this species through dry chamber air dives, using as a guide the no-decompression limits for man as published in the U. S. Navy Diving Manual for 1963. '
Following the discovery that the ultrasonic Doppler blood flowmeter ' (2 3 was capable of detecting gas emboli in animals undergoing decompression, ' ' ' ' questions arose whether asymptomatic gas emboli, if they exist, can be detected prior to the onset of bends symptoms. Besides its obvious applications to animal research on the kinetics of bubble formation, the instrument :nay be useful for monitoring decompression on an individual basis or for objectively assessing the embolic status of human subjects suffering decompression sickness. Questions also arose as to the threshold size of embolus detectible with this instrument, and whether some characteristic of the signal produced by an embolus might give a measure of its size. The second objective of our research program, stated broadly, was to continue our earlier work on the use of the Doppler flowmeter in these regards.
During the first one and one-half years of the contractual period, research emphasis was two-fold according to experimental planning agreed upon by BNW, BuMed and ONR: (l) To evaluate the miniature swine as an analog to man for decompression research through attempts to determine the no-decompression limits at three depths, tentatively set at 60, iho and 190 feet. The latter depth was changed to l80 feet following the suggestion of and data received by Surgeon Commander J.S.P. Rawlins, R. N., with whom the original plan had been discussed during an earlier meeting with 
MINIATURE SWINE RESPONSE TO HYPERBARIC EXCURSIONS
Objectives
The objective was to attempt to determine the no-decompression limits of adult miniature swine at three depths, comparing this to the no-(7) decompression table in the U. S. Navy Diving Manual (1963) for man.
Methods
Twenty-six miniature swine were used to perform a total of 108 pig-dives 
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Results
A summary of the 108 pig-dives and signs observed is given in Table I .
Omitting the 180-foot bounce dive, the results of 107 pig-dives may be summarized further as in Table II , where bends is defined as above. 
In addition, the picture is not as clear as Table II might Measurements on carcasses established a total depth from external meatus to tympanum of about 10 cm. Since hot-wire probes of proper flexibility and elasticity were not immediately available, hyfrecation probes were fashioned from spring steel wires and heat-shrinkable tubing.
With a 10-cm. depth mark on the probe, it was inserted along the lateral wall of the canal until gentle pressure did not further its progress, at which point it was assumed that the blunted probe tip was against the ventral edge of the tympanic membrane. The probe was then connected to a hyfrecator unit and one to three seconds of high current applied. The lit I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
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• The objective was to monitor caval embolism during exposures less severe than those we had studied on internal funding prior to receiving USN support.
Methods
Five of the miniature swine used in the studies summarized in Tables I   and II 
PULMONARY ARTERY EMEOLISM IN MINIATURE SWINE UNDERGOING MILD NO-DECOMPRESSION HYPERBARIC EXCURSIONS Objectives
According to sponsor revision of experimental plan midway through the second fiscal year, work to that point was to he discontinued and efforts made to study the relationship between pulmonary artery gas embolism and various profiles, beginning with definition of the no-decompression limits for miniature swine at 100 and l80 feet depths using sustained pulmonary artery gas embolism as the end point indicator. It was well established by that time (see preceding section) that rather severe embolism could exist in the absence of clinical signs, and it was presumed that a no-decompression curve more similar to that of man might result if pulmonary embolism, rather than clinical signs, were the basis for establishing "safe" limits. On completion of this task, it was suggested to extend the data to 1**0 and 60 feet depths and, using profiles producing mild embolism, investigate tho efficacy of recompression (according to standard treatment tables) in reducing or eliminating embolism. Obvious extensions of this work were to include the development of air treatment tables based on pulmonary artery embolic status in the miniature swine.
Methods
A total of five miniature swine were operated and Doppler transducers implanted around the pulmonary artery via left thoracotomy through the fifth or six intercostal space (see Appendix). Following three weeks recovery, simulated air dives were performed with unanesthetized animals to depths of 100 and l80 feet for varying bottom times as pulmonary flow signals were telemetered from within the chamber to a remote FM receiver and recorded on magnetic tape. Ascent and descent rates were always 60 feet/minute; surface intervals were always U8 hours or more. Tables III and IV .
Discussion
It is immediately noted that pulmonary embolism occurred following exposures which, as far as miniature swine and bends signs are concerned, were extremely "safe." Furthermore, embolism was produced by 100-foot dives having bottom times as short as 5 minutes, one-fifth the no-decompression limit for man at this depth! While we expected to detect embolism at bottom times comparable to or slightly less than the human no-decompression limit, such extreme results were not anticipated. It is further noted that the 100 feet/20 minutes profile, considered "safe" for human divers, produced moderately severe pulmonary embolism in the miniature swine.
Although the animals typically exhibited signs of ear distress during ascent, no signs of bends were ever seen throughout the experiments. Pulmonary stenosis, which progressively altered the average flow velocity as indicated by the flowmeter signal, was eventually confirmed at necropsy: The lumen diameter of the pulmonary artery was reduced to about half its normal There is very little doubt that the audio artifacts heard on the Doppler signal are due to gas emboli. Relatively large masses of fat or blood clots would be required to produce such distinct and characteristic artifacts against a blood flow background, and it is difficult to see how, in repeated dives on the same animal, such severe embolism by particles other than gas bubbles could exist without producing clinical effect or enduring lesions recognizable at necropsy, neither of which has been seen.
Nonetheless, it must be admitted that we have not proved that the artifacts (12) detected are indeed gas bubbles, and Smith and Johanson have theorized that delayed Doppler artifacts, at least, i.e. those appearing hours after surfacing, are intravascular clot emboli. Whatever the Doppler artifacts are, however, they are not there prior to decompression.
One can hardly escape the suspicion, if not the conclusion, that similar embolism must exist in human divers undergoing no-decompression excursions which are considered "safe." There is virtually no doubt, therefore, that caval embolism produced by decompression can exist in man in the absence of
bends symptoms, and that it probably always does whenever that man has experienced a no-decompres3ion dive to 100 feet or more on the no-decompression limit curve. However, of course, this has yet to be verified and its significance evaluated.
The problem to date in verifying or refuting such conjectures in human subjects is one of instrumentation, discussed later in this report. Until this situation is improved, an expedient might be found in correlating pulmonary embolic status of large experimental animals with bends incidence in human divers undergoing identical hyperbaric excursions. Embolism in an animal of similar size and cardiovascular makeup may indicate that the same thing is happening (or about to happen) in his human chambermate.
Conclusions
Threshold bottom times (time between beginning descent and beginning ascent, ascent and descent rates 60 feet/minute) for pulmonary artery gas embolism in miniature swine, using the Doppler flowmeter as a detector, are approximately h minutes at l80 feet and 5 minutes at 100 feet. This conclusion must be qualified by recognizing that (l) only two animals were involved in the experiraents, and (2) the emboli detected have not been directly proved to be gas bubbles. The likelihood that similar embolism exists in human divers undergoing marginally "safe" no-decompression dives is extremely strong. 
1.
Methods
|_
Graded microbeads and microballoons of glass were injected via the femoral vein of anesthetized miniature swine on whose thoracic caudal vena I cava had been implanted a 13 mm I.D. Doppler flowmeter transducer. The microbeads and microballoons were suspended in physiological saline and \ injected at rates which, except for the smallest group (37-^3 ym diameter), produced individual Doppler "chirps." Practical procedure difficulties were L encountered (electrostatic clumping of the particles, catheter blockage, retention of particles in the catheter or veins by adhesion to the walls, presence of microscopic gas bubbles in the carrier fluid) but were solved 
Discussion
The most serious defect in these experiments, of course, is that glass balloons cr bf.ads were used instead of actual gas bubbles. Resonant frequency of these particles was not determined and, in any event, would not have been very precise due to size distribution in each graded batch (histograms ranged from left-to right-skewed Gaussians with typical half-maximum widths of 20%) and microscopically visible irregularities in balloon wall thickness.
Although we know we are far from the resonant frequency of similarly sized gas bubbles (approximately 0.6 ym diameter for resonance at 10 MHz, resonant frequency for 100 um bubbles in blood ca. 0.8 MHz at one atmosphere absolute ambient pressure), we do not know how far we were from resonance of the glass microballoons. Thus, it is impossible, from these experiments, to state with confidence the threshold for gas bubble detection in vivo. Microscopically, it was known that the microballoons differed not only in size within a graded batch but in shell thickness. Also, shell thickness was not always uniform over an individual microballoon. Suspecting irregular scattering characteristics due to these variations and assymetries, apparatus was constructed which produces gas emboli of known and constant size, (13) ejecting them at regular intervals on the axis of a moving fluid stream.
At this point in time, however, the experimental plan was revised and no 
Erythrocytes cure biconcave discs ca. 1» ten in radius, randomly oriented in blood. Assuming they behave approximately as spherical scatterers, the above formula can be used to establish estimates of background "noise" limiting the threshold size for bubble detection. For gas bubbles in blood, near resonance, the scattering cross section is The results of calculations based on the above formula and supporting (15, 16, 17, 18, 19, 20) information are summarized in Table V . To expose the base of the heart (pulmonary artery) the initial incision should be made one or two ribs forward (on the left side), so that the dorsal limit of the incision is limited by the presence of the scapula. One need not remove a rib to gain sufficient field for pulmonary artery isolation.
The posterior vena cava can be reached through either a left or right thoracotomy.
The posterior vena cava is easily isolated from its mediastinal membrane.
The aorta may be isolated by careful dissection, ligating and transecting the required number of pairs of intercostal branches which leave its right dorsal surface and other small variables, the most troublesome of which being a small bronchial branch leaving its right ventral aspect near where the pericardium and aortic adventitia become contiguous. The hemiazygos vein, seen crossing the left aspect of the aorta about 8-10 cm distal to the aortic arch, may be sacrificed without detrimental effect, as may not less than six pairs of intercostal arteries. In this manner it is not difficult to isolate up to seven inches or more of thoracic aorta.
The pulmonary artery presents itself as the largest vascular structure in the field, curving over the crown of the heart away from the surgeon.
The pericardium is liberally incised and reflected, and the left atrium retracted caudally to expose this vessel for isolation. Gentle and careful sharp dissection is required to separate the pulmonary artery from its 
